Abstract The potential of microsatellite markers for use in genetic studies has been evaluated in Allium cultivated species (Allium cepa, A. fistulosum) and its allied species (A. altaicum, A. galanthum, A. roylei, A. vavilovii). A total of 77 polymerase chain reaction (PCR) primer pairs were employed, 76 of which amplified a single product or several products in either of the species. The 29 AMS primer pairs derived from A. cepa and 46 microsatellites primer pairs from A. fistulosum revealed a lot of polymorphic amplicons between seven Allium species. Some of the microsatellite markers were effective not only for identifying an intraspecific F 1 hybrid between shallot and bulb onion but also for applying to segregation analyses in its F 2 population. All of the microsatellite markers can be used for interspecific taxonomic analyses among two cultivated and four wild species of sections Cepa and Phyllodolon in Allium. Generally, our data support the results obtained from recently performed analyses using molecular and morphological markers. However, the phylogeny of A. roylei, a threatened species with several favorable genes, was still ambiguous due to its different positions in each dendrogram generated from the two primer sets originated from A. cepa and A. fistulosum.
Introduction
The abundance, characterization, and the usefulness of SSR markers have been reviewed in cultivated Allium species (McCallum 2007) . A number of microsatellites have been identified and characterized in bulb onion, Allium cepa Common onion group (Fischer and Bachmann 2000) and bunching onion, Allium fistulosum (Song et al. 2004; Tsukazaki et al. 2007) . The previous studies implied that such microsatellites could be applied as markers for several kinds of genetic analyses in a wide range of species in sections Cepa and Phyllodolon of Allium. In fact, a number of bunching onion microsatellites could be applicable for the purity determination of F 1 seeds as well as variety identification (Tsukazaki et al. 2006) . Tsukazaki et al. (2009) demonstrated an SSR-tagged breeding scheme for A. fistulosum. Furthermore, many bulb onion microsatellites flanking primer pairs proved to be functional not only in shallot (A. cepa Aggregatum group) but also in bunching onion (Masuzaki et al. 2006) . On the other hand, section Cepa of Allium includes several wild species, i.e. Allium galanthum, Allium oschaninii, Allium vavilovii, etc. as well as the two cultivated crops (bulb onion, shallot) (Vvedensky 1944; Havey 1995) . With two wild species, Allium altaicum and Allium microbulbum, another cultivated crop, bunching onion was placed at section Phyllodolon (Vvedensky 1944). Bulb onion microsatellites had been applied for assessing interspecific relatedness within these species (Fischer and Bachmann 2000) . Some of the microsatellite markers can be used for interspecific taxonomic analyses among close relatives of bulb onion. There has thus far been no example applied to other species by extending bunching onion microsatellites.
Allium roylei has been known as a potential gene reservoir for introducing several disease resistances to bulb onions (Kik 2002) and shows a quite unique position in the taxonomy of genus Allium (Fritsch and Friesen 2002) . This wild species crosses easily with A. cepa and A. fistulosum, and shares a high degree of genetic similarity with other species in the two sections mentioned above. Nonetheless, most morphological characters differ remarkably from others in these sections and are much more similar to those of section Oreiprason (Fritsch and Friesen 2002) . Further recent evidence indicates that A. roylei might have a hybrid origin, as its nuclear DNA profile is related to species of the sections Cepa and Phyllodolon but its chloroplast DNA profile to the section Schoenoprasum (van Raamsdonk et al. 1997 Raamsdonk et al. , 2000 .
In the present study, the microsatellite marker analyses using several species and their hybrids were performed with the following objectives: (1) development of microsatellite markers useful for markerassisted selection approach using alien genes in the cultivated species of sections Cepa and Phyllodolon; (2) evaluation of heritability via the simple test of a F 1 hybrid and the segregation analysis of its F 2 population; (3) verification of genome organization in A. roylei which is an insufficiently known wild species in its phylogenesis. 
Materials and methods

Plant materials
DNA extraction and PCR amplification
Total genomic DNA was isolated from fresh leaf tissue using a mini-prep DNA-isolation method (van Heusden et al. 2000) except for shallot, bulb onion, and their intraspecific hybrids (F 1 , F 2 ), whose total genomic DNAs were extracted from the leaves according to the procedure of Dubouzet et al. (1996) . Thirty microsatellite primer sets (AMS01 to AMS30; GenBank accession numbers, AJ391666 to AJ391725) for bulb onion developed by Fischer and Bachmann (2000) , 46 microsatellite primer pairs (bunching onion microsatellite, BMS) derived from SSR-enriched DNA libraries of Japanese bunching onion reported by Wako et al. (2002) , Song et al. (2004) , and Tsukazaki et al. (2007) , and one onion EST-derived SSR primer pairs, ACM071, (Kuhl et al. 2004) were examined. PCR amplifications for the AMS primer sets were carried out according to the procedure of Masuzaki et al. (2006) . For the microsatellite primer sets from bunching onion, PCR mixture was made with 0.8 lM of each of the primers, 0.2 mM dNTPs, 19 rTaq buffer, 0.5 U rTaq polymerase (Takara, Shiga, Japan), and 100 ng template DNA in a volume of 20 ll. PCR temperatures were performed with the minor modifications of the procedure of Ohara et al. (2005) . PCRs were done in a program thermal cycler (iCycler; Bio-Rad, Hercules, USA), in which the ramp times were carried out in the default conditions that adjusted temperatures at the maximum ramp rate with the minimum ramp time. PCR products were electrophoresed and separated on 2% (w/v) agarose gel. If the PCR products were monomorphic on agarose gel, they were subjected to denaturing polyacrylamide gel electrophoresis (PAGE) with silver staining. The amplified fragments from 100 to 700 bp were scored in each Allium species. The markers were designated according to the primer name and the molecular size of each band in base pairs.
Phylogenetic analysis
The microsatellite fragments obtained in six species were scored as either present or absent. The genetic distances were calculated according to the procedure of Nei and Li (1979) by using a program Restdist (program to compute distance matrix from restriction sites or fragments) in software PHYLIP, version 3.68 (Felsenstein 1989) . Phylogenetic analyses were performed using the Neighbor Joining Method (Saitou and Nei 1987) . The graphic output of the phylogenetic trees was created with the MEGA version 4 program (Tamura et al. 2007) . Tables 1 and 2 ). The average numbers ± standard deviations of polymorphic bands per AMS and other (BMS, ACM071) primer pair were, respectively, 26.1 ± 25.8 (0 in AMS11 to 125 in AMS05) and 8.4 ± 4.9 (1 in three primer sets to 21 in AFC02E08) across the investigated plants (Fig. 2) .
Results
Polymorphisms between
Evaluation of heritability of microsatellite markers in F 1 and F 2 between shallot and onion Twenty-eight AMS primer pairs except for AMS11 and AMS24 amplified the fragments in F 1 intraspecific hybrid, which generated by crossing bulb onion with shallot, as well as the two species. Of the 28 AMS primer pairs, some microsatellite markers yielded in AMS03, AMS17, and AMS21 exhibited significant heritabilities on denaturing PAGE with silver staining (Fig. 3a; Table 1 ). The segregation of these markers was found to fit the monogenic segregation of 1:2:1 (Fig. 4) . In addition, amplicons were observed in 23 out of the 46 BMS and ACM071 primer pairs. Of the 23 primer pairs, only ACE127 produced heritable two microsatellite markers, i.e. ACE127-260 and -276 in A. cepa (Fig. 3b) .
Simultaneous segregations at three loci were observed as shown in Table 2 . Three different simultaneous segregations were tested for independence by chi-square tests. None of the data showed a significant difference from the expectation of independent segregation ( Table 2 ), suggesting that these three loci are located on different chromosomes or Euphytica (2010) 173:321-328 323 distantly on the same chromosome. The chromosomal location of the AMS17 locus could be understood since one marker, AMS17-270, at same locus was already assigned to the chromosome 1 of A. cepa in our previous study (Masuzaki et al. 2006 ).
Verification of genome organization in Allium roylei
The relationships among the entries are shown by the phyllograms in Fig. 5 on the basis of genetic distances calculated by using polymorphic amplicons between the six Allium species (143 sites for AMS primer pairs and 382 sites for BMS and ACM071 primer pairs). The phyllogram of BMS and ACM071 primer pairs (Fig. 5b) showed two major nodes consisting of (I) the three species of the section Cepa (A. vavilovii, A. cepa, A. galanthum) and A. roylei as well as (II) the two species of the section Phyllodolon (A. fistulosum and A. altaicum), in agreement with b, in F 1 hybrid between shallot and bulb onion. M, molecular size marker (100 bp DNA Ladder); AA, shallot; CC, bulb onion; AC, F 1 intraspecific hybrid between shallot and bulb onion one promising previous report (van Raamsdonk et al. 2000) . However, the results of the AMS primer pairs were different from the ones of the BMS and ACM071 primer pairs in clustering of A. roylei. Allium roylei was clustered in one neutral node together with A. galanthum out of three different nodes (Fig. 5a ). Other two nodes consisted separately of the sections Cepa and Phyllodolon.
Discussion
The most conspicuous feature of Allium nuclear genomes is their great size, which has made Allium crops complicates most molecular genetic analysis. For instance, bulb onion nuclear genome contains 17.9 pg or 15,290 Mbp of DNA per 1C nucleus, and making it one of the hugest genomes among cultivated plants (Havey 2002) . Bunching onion shows a 28% smaller genome size than bulb onion (Ricroch et al. 2005) . There seems to be a big difference between these species in not only genome size but also its structure. Jones and Rees (1968) and Narayan (1988) observed that all eight bivalents were asymmetric in interspecific hybrids between the two species. This indicated that genomic DNA differences were spread across all eight chromosomes. Chiasmata localized near the centromere of bunching onion could be explained if this region were largely euchromatic and therefore gene-rich (Havey 2002) . The integration of linkage and physical maps in bunching onion showed that recombination predominantly occurs in the proximal half of chromosome arms and that 57.9% of PstI/MseI AFLP markers are located in close proximity to the centromeric region (Khrustaleva et al. 2005) . These results suggested the presence of genes in this region. Tsukazaki et al. (2008) constructed a chromosome-specific linkage map of bunching onion based on the SSR markers used in this study. Linkage groups on same chromosome were split into two parties except a few cases, suggesting the presence of repetitive sequences (e.g. microsatellites) in the distal half of each chromosome arms. On the other hand, in bulb onion two different mediumdensity intraspecific and interspecific linkage maps have thus far been developed based on several sorts of DNA markers (RFLP, SSR, SNP, InDel) (Martin et al. 2005) and EcoRI/MseI AFLP markers (van Heusden et al. 2000) , respectively. The integration of linkage map from two different species would be possible by plotting a number of common codominant markers, such as our promising microsatellite markers with heritability and leads us to reveal a trace of the chromosomal structural changes occurred in their speciation process. Allium roylei seems to be a potential gene reservoir for bunching onion as well as for bulb onion (Kik 2002 ). This wild species shows combined resistant to Botrytis leaf blight (Botrytis squamosa) (Lacy and Lorbeer 2008) and downy mildew (Peronospora destructor) (Schwartz 2008) in bulb onion. For the downy mildew, a resistance locus had been anchored to the distal end of chromosome 3 in A. roylei and then was successfully introduced into a bulb onion cultivar via the use of a conventional backcrossing procedure (Scholten et al. 2007 ). Nowadays many peoples in Allium research community are very interested in the origin or taxonomic position of A. roylei. One A. roylei strain was introduced into the European research scene in the 1960s. All living plants investigated in the world are derived from this single fertile strain (Fritsch and Friesen 2002) . Sharma and Gohil (2003) had recently exploited a small threatened population of A. roylei from the Bani region of Jammu province in India and observed the meiosis of PMCs in ten plants equally from two populations of A. roylei. The results revealed multivalent associations involving the entire complements of 16 chromosomes. The subsequent observation of somatic chromosomes in same populations clarified the extensive karyotypic variability due to repeated interchanges involving a number of non-homologous chromosomes (Sharma and Gohil 2003) . The evaluation of its genetic diversity by microsatellite polymorphisms would provide informative parameters not only to carry out a hazard prediction for its threatened status but also to enforce both in situ and ex situ conservation strategies for this threatened species.
